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SPACE MECHANISMS WORKSHOP
PREFACE

Future NASA space missions such as the Space Exploration Initiative
(SEI), the Mission to Planet Earth, and advanced weather and
communications satellites will require advanced performance standards,
increased life, and improved reliability of all mechanically moving
equipment (mechanisms). In the past the mechanism needs of spacecraft
appeared to be well within the state of the art. The electronic systems were
deemed to be the biggest impediment to producing long life and reliable
operation. As a result satellites were designed with requirements to last for
only 3 to 5 years. The electronics industry has made great strides over the last
few years in reducing the size and increasing the life and reliability of satellite
electronic systems. The question is, have mechanical moving mechanisms
kept up in improving their life, reliability and performance?

To determine what the obstacles will be in meeting NASA's future
missions goals, NASA-Lewis Research Center and the Ohio Aerospace
Institute (OAI) planned and sponsored a workshop for the fall of 1992. The
workshop, entitled the Space Mechanisms Technology Workshop, took place
September 22-23, 1992 at the Westlake Holiday Inn in Westlake, Ohio.

The workshop lasted for two days. The first half day was dedicated to a
set of plenary papers. The following papers were presented:

(1) OVERVIEW OF FUTURE NASA MISSIONS AND REVIEW OF

MECHANISM'S NEEDS SURVEYS -- ROBERT FUSARO,
NASA/LERC :

(2)  SPACE MECHANISMS TECHNOLOGY NEEDS -- PAUL FLEISHAUER,
THE AEROSPACE CORPORATION

(3) DOD SPACE MECHANISMS PROGRAMS -- KARL MECKLENBURG,
WPAFB

(4) PLANETARY SURFACE REQUIREMENTS AND ENVIRONMENT -
BENTON CLARK, MARTIN MARIETTA

(5) POWER REQUIREMENTS FOR SPACE -- JOHN BOZEK, NASA/LERC

(6) PROPULSION REQUIREMENTS FOR SPACE -- JAMES DILL,
MECHANICAL TECHNOLOGIES INC.



Following the opening plenary session, the workshop broke into three

concurrent groups to look at the issues and problems of future mechanism'’s
operations. Because the Satellites and Space Platforms group was deemed to
be too large it was divided into two working groups. The four groups and
group leaders were:

¢))

()

(3

CY)

Satellites and Space Platforms #1, Doug Rohn, NASA LeRC and Paul
Fleischauer, Aerospace Corporation

Satellites and Space Platforms #2, Roamer Predmore, NASA GSFC, and
Stuart Loewenthal, Lockheed

Power and Propulsion, Bob Hendricks, NASA LeRC and Jerry Kannel,
Battelle

Planetary Surface Operations, Bob Fusaro, NASA LeRC and David
Thrasher, Boeing Aerospace.

Each group was given seven tasks, they were as follows:

Identify space mechanism"s (mechanical components/lubrication)
current and perceived future mission obstacles.

(A) Brainstorm current space mechanisms obstacles.

(B) Brainstorm future space mechanisms obstacles.

(C) Prioritize current and future space mechanisms obstacles.

For each obstacle, list or describe:
(A) Technology deficiencies (known or perceived).
(B) The current state-of-the-art.
(C) Applicable NASA, DOD, AND industry missions
(D) Active research in the area.
— Where it is being conducted.
— What are the current facilities.
— Number of personnel involved.
(E) Technology needs for current missions.
(F) Technology needs for future missions.
(G) Concerns.

What is needed to improve the reliability of mechanisms?
NASA is planning to develop a space mechanisms guidelines
handbook. What sort of information should be included? What sort

of information should be considered industry privileged?

Can anything be done to improve technology development and the
dissemination of information?
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6. Other issues?

7. What do we do next?
— Future meetings
- Formalized working group(s)
= Publications

The workshop closed with a final half-day plenary session in which group
chairman presented the results of thejr sessions and the attendees then
engaged in discussion of those results. The working group results follow the
preface.

Approximately 70 individuals attended the workshop.  Their
backgrounds and interests were diverse, ranging from basic research to
satellite design and program management. A listing of the members of each
group are given with the results of that group.
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OHIO AEROSPACE INSTITUTE BACKGROUND

A UNIVERSITY-INDUSTRY-GOVERNMENT CONSORTIUM

COLLABORATIVE RESEARCH
GRADUATE AND CONTINUING EDUCATION
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OAI BOARD OF TRUSTEES
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J. TAYLOR SIMS, Act. Pres., Cleve.State U
E. GORDON GEE, Pres., Ohio State U
CHARLES PING, Pres., Ohio U
PEGGY G. ELLIOTT, Pres., U of Akron
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PERSPECTIVE

STRATEGIC DRIVERS

B GLOBAL ECONOMIC COMPETITIVENESS

W EFFECTIVE TECHNOLOGY TRANSFER

B MORE COLLABORATION

B POOL EXPENSIVE RESEARCH FACILITIES

B MORE INTERDISCIPLINARY RESEARCH

M MORE PHDs FOR INDUSTRY, GOVERNMENT, AND UNIVERSITIES

B MORE AMERICANS IN GRADUATE SCHOOL

B MORE MINORITIES AND WOMEN IN SCIENCE AND ENGINEERING

M GREATER EMPHASIS ON SCIENCE AND MATH LITERACY IN SCHOOLS
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RESEARCH FOCUS GROUPS

«  WORKING GROUPS OF EXPERTS FROM
UNIVERSITIES, GOVERNMENT, and INDUSTRY

- FOSTER COLLABORATION AMONG DISCIPLINES
‘and COMMUNITIES

- ASSESS PRESENT AND FUTURE AEROSPACE
RESEARCH THAT WOULD BENEFIT FROM
COLLABORATIVE RESEARCH

Goverpment

TN

indust Government

Universities —» ( Focus Group ) <e—industry

University
328

Coliaborative Research and
Educational Ventures

QAL FOCUS GROUPS

« ADVANCED INTERDISCIPLINARY SIMULATION
+ AEROSPACE POWER
« COMMUNICATION, ELECTRONICS, AND INFORMATION SYSTEMS
+ COMPOSITES
« DIAGNOSTICS / IMAGING / VISUALIZATION
« DYNAMIC SYSTEMS AND CONTROLS
« FLUID DYNAMICS AND PROPULSIVE SYSTEMS
« ICING
« POLYMERS / MOLECULAR MODELING
« SPACE PROPULSION AND TECHNOLOGY
+ TRANSDUCERS
+ TRIBOLOGY
« TURBO MACHINERY FLUID MECHANICS



- STATEWIDE COLLABORATIVE
EDUCATIONAL NETWORK

» The University of Akron « The Ohlo State University
« Case Western Reserve University « Ohlo University

« University of Cincinnati * The Universily of Toledo
« Cleveland State University « Wright State University

- The Unlversity of Dayton

« Link universities by TV network

- Deliver graduate education to the workplace

OAI STUDENTS

« INDUSTRY - GOVERNMENT COLLABORATION ATTRACTING
OUTSTANDING STUDENTS TO OAIl UNIVERSITIES

« 52 GRADUATE, 78 UNDERGRADUATE SINCE 1989

"l had my choice of seven fellowship opportunities throughout the country. |
chose OAl and Ohio State Universily because of the NASA involvement.”

"Combining universities and industry is great. We get the theoretical side but
not always the direct application."”

"I saw OAl as a major advantage in making contacts in industry and learning
from people who have experience in more than an academic selting. "

" OAl is a great step forward in laying the groundwork to make Ohio
competitive in the aerospace field. It offers the opportunity to do things
| couldn't do elsewhers."



INDUSTRY PARTICIPATION

ALLISON - G.M.

ANALEX

ALLIED SIGNAL
APPLICATION TECHNOLOGY
ARGO-TECH

- BATTELLE

BF GOODRICH

BROOKS ASSOCIATION
BRUSH WELLMAN

CAMP

EATON

EDJEWISE SENSOR PRODUCTS
EMTEC

EPIC

FERRO

GATEWAY TECHNOLOGY
GENERAL ELECTRIC
IMAGE ANALYSIS RESEARCH
KEITHLY INSTRUMENTS
LORD CORPORATION
LUBRIZOL

PARKER HANNIFIN
PRATT & WHITNEY
ROCKWELL
SUNDSTRAND
SVERDRUP

TELEDYNE

TEXTRON LYCOMING
TIMKEN

TRW

[ 31 participating business organizations J

APROSPACE
INSTITUTR



WORKSHOP INFORMATION AND OBIECTIVES

Robert L. Fusaro
NASA Glenn Research Center
Cleveland, Ohio

Objectives

@ To obtain an industry/university/government
perspective on what are the known or perceived
obstacles to successfully achieving NASA’s current
and future space missions.

® To determine the industry/university/government
community’s capabilities of solving these obstacles.

® To obtain input to help guide NASA in the formation
of a growing R&T program.
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FUTURE NASA MISSIONS AND TECHNOLOGY NEEDS RESULTS TO DATE

Robert L. Fusaro
NASA Glenn Research Center
Cleveland, Ohio

PROPOSED FUTURE NASA MISSIONS
e SPACE EXPLORATION INITIATIVE (SEI)

-- Expand human presence to the moon, Mars, and beyond

e MISSION TO PLANET EARTH

-- Understand the interaction between
-- Oceans/atmosphere/solid Earth (weather)
-- Living organisms and environment
-- Environment and poliution
-- Composition and evolution of the Earth

e ASTROPHYSICS

-- Understand the universe
-- Laws of physics
-- Birth of stars and planets
-- Advent of life ‘

e MATERIAL AND LIFE SCIENCES

-- Understand and develop new processes
-~ Fluid dynamics
-- Combustion fundamentals
-- Material processing
-- Physics and Chemistry
-- Space Medicines
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SPACE MECHANISMS TECHNOLOGY NEEDS

Paul D. Fleischauer
The Aerospace Corporation

El Segundo, California




adue||laAIng
1B ‘suonesiunwwo) ‘Abojoioalapy ‘uonebineN
‘$8[21ya youne uy sweisboid o3 pPapinold si uoddng o

saibojouyosa) pasueapy o uoiliasu| ays sajowoud
pue yoieasay o1411ualdog s19Npuon) suonesadQ AbBojouyoa| o

swalsAg aoedg Aseypy pPadueApy ui sazije|oadg o

sweuboid Ayunoag jeuonep oy «J98ujbuy
-199811ydly,, ue se suonoung uopesodion aoedsolay ay| e

uononposu|

SpasN Abojouyoa) swsiueyoospy aoedg

32



SUOISN|OU0) pue Alewwns e

Salpnis ase) YININ e

Bunssj pue yoieasay - salbojouyoa] maN e

aouewsojlad Juauodwo)/waisAsqng |edIUBYOSN e

spaaN AbBojouyods | R sjuawalnbay weiboid - suonoung YAIIN e

SWwalsAsqng |edluBYI3| ‘SOl|qUIaSSY
|eojueyos|y Bulaopy ‘swisiueyosy D/S 01 UOIIONPOIIU| o

suIpnQ

spaaN Abojouyosa] swsiueyos asedg

33



bunuwil-afy swisueyIaW apew pue PaIURAPE ALY SWIISAS Jay10

SWISIUBYOI %y SaINjonns e

9AIOY B ‘OAIssed-1wIag ‘anissed - [ewliday] e
"0)d ‘saualleq ‘s||o) iej|oS - 1I9MOod e
buipuey ejeq 3 puewwion o

.SS01), B ,umoq/dn,, - suonedIUNWWOY) o

jojuo) B ‘uonebinep ‘aaueping o

swalsAsqng 1jelosasedg Jolepy

34



JAIHA AVHHY HV10S
SONHI dI7s
ST33HM NOILOV3Y

NOILVOIAVN

ONILNIOd VNNILNY
T133HM WNLINIWOW

JONVTI3AHNS

AVHHY HY10S
133HM NNLINIWOW
SONIH dITS
SONIHV3g Ivawo

T33HM NOILOVIY
JAIHA AVHYY HVT10S
SONIY dIS

9oedg 1o} sjueoLiqn

€6-95SS

35



uoneiedag ajoIya youney/yjeioaoedsg
|[eAowaYy J9A0D uoljeUIWERIUOY

JuswAojdaq/uonualay Aeuy iejosg

JuawAojdag/uonualay youne euuayuy

swisiueyosjpl 9joAn-mo

SUOISUdIX] woog e

SOIND ‘S|99YM WINJUBWO ‘uondoeay - |0JIU0) SpNIIlY e
Buiyoesy g Bunuiod Aeuy iejog o

Gupjoes) g Buuiod ruudIUY

suisiueyodlp ajoAn-ybiH

swalsAsqng |eoiueyoay

36



yue)
107IPIXO

uojjo8s
Apoqiejuen \

yue) 8N4 ———se-]

sejhoq wnijey N

r Uojj00s ebu)s
jesjuo) puodog

Spljos
uojjejuewbneg
sy,

e—- 86815 153)4

jauun)

Bulip
o abe|s10ju)

$91U0500(8
eaueping
ejqejuids
Avd

Jojow
ebuis pay)
Il SOS

Bumiy
yaeyne
}j810008ds
i 89S

_ \../ ssnJ} proddns

puB UpSjujw
ebe)s puoaeg

spueq dwe|a
uojjosedos Jojows
oBais payy

-J00p
\t.nnOQOd
Bupiey

swsjueyaa |y JuswAojdeq |esidA |

37



Moving Mechanical Assembly Functions

38




(Buuoniuop yyjeap)
SWalsAg/s10suag
joJ3U0D oeqpaa4

sjueduqn onayjuAg
.Sled/sbuiieon
N-dolwesa) g Jlwelsa)

solbojouysa]

Apqonpoly
Adjiqeay
Aljiqes anbio)

awnay

CEN S|

Alquisssy jaaypn uoijoeay

39



slied/sbuneo)n
jI7-01WeId) B JIWeld)
sjueduqgnT pljos aAIINpUo)

1DOJ| 1
Anjqionpoud
Auqeljey
sBuly dijg asioN moT
Alljigels jejuawiuoliaug

SoNss|

wsiueydspl aauqg Aenry iejos

40



subisaqg Buueag aandepy
SwajlsAg

pajasjag ‘saqnT onsyjuAg
Saqn7 pljos uonodu4 moy-enn
SHUed/sbuneo)

YI-Olwesa) g djwesa)

bojouyds]

8} Buon

abuey ‘dwa) apipp
Aljiqerjay

9SION anbioj mon
anbio| jueisuon ‘MO

SONSs]

lequin bunulod Josuag

41



.S1sibojoqu ,, wouy aosueping 1adoid 10} poaspN -
swisiueyoay JuswAojdag g aseajdy YlIm Swa|qoid |eUOISRIID e

s19]100) ‘sdwndoA1) ‘Alauiyoey-oqun] YUM Swa|qold 194l e
saAuQq Aeuy Jejog ul uoned)ddy Atewnd -
Buissiiy 1uswidojanaq sjeualely -
poolsiapun j0uU 3sIoN -

sbuly dis Jo uonesadQ 9sION-MOT YIM SBiINdI4IQ JUBISISUO) o

awibay uoneouqn Asepunog
ul BupeladQ sjequio R ‘siean ‘si0leN}OY UYlIM SWajqold e

$8d092s0JAD B ‘'SHIAD ‘S|PaYM
wnjuawojpj/uoiioeay ui sbulieag yiim wajqoid 1uaiinosy e

}jerdaosedg annoy yum swajqoid Abojoqu| juaiing

aduewi0419d jusauodwoy/walsAsqng jesiueyoap

42



10 M3U ‘WBISAs

‘qejsuy abes

ajjjeles sad

_ 13j10 3ANOY ‘sSsoj aqn] anbio} aAISsadXg L < SHOND abie dad
buissasoad abeds uoneasels Aupqeisu
‘aqnj paaosduyy juesuqni anbioy/ajes Jjug sadoasoiAn ajey HY1STIIN
s|Paym uoneIqIa
juepunpay umowjun ‘asiou anbio | 193y uopiovay i sasa
wISAs A1aal2p uonease)s sajewour P9Yym
o aAIsseqd Jueduqny ‘dwdyanbio | wnjuawowy abse dsa
6uiudalos pue pasaayap
U uns Buueaq uonepeibap aq jou pinod
@AISuUd)X3] aqny aqny/sbuueag 99y uonoeray dSWa
sabuea paseiq aJueuOSal Anpqeysuy
ssew ‘22104 ssew ‘22104 abeo paads ybiy [93Y\ uondBay Uil Sd9
anbio)
uoneayyenb uonajdap ybiy - sanjey ejjiaes Jad ¢
uo SdY/eisaen

eqn) moN

JuBdUqN]

1S9) pue )NqIo

193y uondeay

JONVINHOHHId LNINOJINOI/NSINYHIINOGIHL

43



BLB1ID aAIUPPY - slueduqgnT Jaubisaq 10y pasp -
IBBA\ ON 10 3111 -
8SI0N anbio) mo ‘saoeying yioowg-enn|n -
Sled dlweua) @ sbupneo) pieH e
S|euaje\ juelsisay Jeapp

Swlji4 aaponpuo)

8417 buon

slqaqg ‘esioN mon

uoldu4 mo-enin

SWiji4 uly] iueauqnT pijog payisodag-1a1inds e

Ol j0 lolde4 ‘sji7 paseasou| -
Alianoeay mo1 ‘auiod Jnoy MO
‘@210yD Jo A1S09sIA ‘Ajnejon MO07 ‘saljuadoud pasojie] -
S|!10 d118YIuAS o
sjueauqn

swsjqoid 03 suonnjos - saibojouysa ] map



9s|oN anbioj mo -
|013U0D Ja3Mr Ul-ling e
subisag Buueag anndepy

luswysiusjday jueoauqgny -
Solpaway e

uonebosalu] wnwuy -

pieog up -
Buissasoid ejeq e

uoneiqip paosnpuj

HIYS douejeg ‘ain1onng
elall) ainjie4 jueouqni
Bulonuopy asuewsoyiayg
SIosSuag ¢

|oA3u0 Hoegpasa4 - buuoluop yieay

(*P,3uo))
Swisjqoid 03 suonnjos - saibojouydsa| map

45



S|IO |esauly 01 pasedwo) Ajjualayyiq paloasy S|io JO118YIUAS o
sallladold pinj4 saouanjjul uoneayIPON uonou{ e
saoeling Bunoeiuo) uo JaAeq uopoeay uiy| Aldp wio4 o

SaAnIppy Buionpay uonou

anbio| /uonlou4 aseaiou| ued) e
IBOAN SBONPAY e
89S YHM sasealdou] ssauoiy| wj4 e

SaAlIppY Buiunio4-wil4 “Jeamnuy

uonoeiajuj aoseyng jo
@dA | uo puadaqg saanippy jo 9dueuno0llad pue uonoung

S9ARIPPY JUBOLQNT JO SBIPN)S 90BYING

46



pea oyjeIaN peqiospuuay) paqiosisAyd

A9 "ADHINI ONIONIE A3 "ADUINI ONIONI

082_282 ¥8Z 98Z - 887 062 262 OCL ¥EL OEL 20) 90) OSL #SH
LI I LI B

pean oyjeIeN ;\<P.\l

peqiosjway) |~

peqiosisAyd //\/\ :

J . oo
{4\ |} 000 . .

|991g Buneag uo dnqgd Jo sajeis |esiwsy)

SINNOD

47



A|quiassyy [aaypp uonovay

Jequiin Jauueag

sa|pn}g asen

Swisiueyos|p 1jes09d0edg jo uonesqn

48



uonelado 4SING

eaa

49



R2 BALL
BEARING

o,

(/)]

'

o

-

33 [T

£ E S

0 evmsm—

32 3

w 2 L/ /X S S aadodoalol d /S A

m ”

e .

J o; \\7//

- (O ,//‘\

5= s
,/.——-"‘“—

-} ¥, (

Eo ‘~‘*“‘;

h -

Q o

Q. T e —

O |

,//////
/

/11//1 rrr/le

50



sasAjeuy |eslueyospy B
‘ledisAyd ‘jesiway9 3s9 | -1s04 pajielaq

Juswiainses)
eimesadwa] ‘snbio] snonunuoq

1sa] uonejnwig iosuag

s}s9] bBuluaalog

yoeouddy 3sa) jueouqgni

51



adA| yueouqn

ovd 3dd4d SuEX0|IS 0
.. |N
0S-4
b
2618

-9

-8
-0l
-Gl
id
-9|

8881 JAN

S1|nsay 1s9] Buiusaisg jJuesuqgn

8)I7 Jesp eAe|eY

52



3dAL O >/ \ﬂT ' C A
ovd 3di4d SvYd 0 A
| |
Y 00y IVILLINI
] ovd
— 000°04 =
1 5| = 2
C
m |
. Y 0s€2 TYLLINI
—|oo00z = 3ddd
(Bujuuny
Apweund jsey) -]
.
—looo‘oe L A —A
v | "W
4 00Ssi AVLLINI
SvYd
SIINS3y 1S31-341N viva INDHOL

1s8] uoneoyuap buueag

53



aoueunopad yYAAH Aq pajjoljuod
Aoeinooe Buhujod pue Ayjiqels [euqO

Aiquassy jaaym uopoeay sd9

54



Typical Reaction Wheel
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SPACE-RELATED TRIBOLOGY PROGRAMS

K.R. Mecklenburg
Wright Laboratory
Wright-Patterson Air Force Base, Ohio
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DIAMOND COATED BALL BEARING

Crystallume=—
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Diamond-Coated Ball Bearing

)
Silicon Nitride Ball
3mm Diameter

Grade 5
LSpheric, Inc.
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SPACE EXPLORATION TECHNOLOGIES
Moon and Mars Comparison

Benton Clark
Martin Marietta Astronautics Group
Denver, Colorado
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(FUTURE) POWER REQUIREMENTS FOR SPACE
(AND EXTRATERRESTRIAL SURFACES)

John Bozek
NASA Glenn Research Center
Cleveland, Ohio
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FIELD ROBOTS FOR THE NEXT CENTURY

William L. Whittaker
Carnegie Mellon University
Pittsburgh, Pennsylvania

Introduction

Robotics to date has produced underlying capabilities that enable robots to respond to a
variety of task challenges. Robotics is maturing as a discipline, and the investment in
prior research has yielded a wealth of technologies for a new generation of competent
robots. It is no longer necessary to restrict research to work on testbed robots, since
systems that meet performance specifications of end-users can now be developed. Given
the existing technology base, robots that were unachievable five years ago now are within
reach, provided that performance goals are established and development efforts in the
near term are directed to meet them.

With seminal groundwork laid, robotics technology is now evolutionary, not
revolutionary. Evolutionary technologies are born of knowledge-based research: efforts
aimed at developing a new and better understanding of the application of scientific
principles. From failures in early development come the insights that lead to successful
future implementations, which show increasing utility and relevance as the technology
evolves. Robots that meet new task challenges and exhibit proficiency are feasible, since
the knowledge we have gained is allowing us to cross the threshold from pure
knowledge-based research to performance-based research.

The Nature of Field Robots

Structured environments, like those found in factory settings, do not challenge robots
with the dynamism and uncertainty of unstructured environments. Active and forceful
manipulation of objects in unstructured environments requires much more than current
industrial robotics can deliver. To work in a field site — say, digging up a gas pipe —a
field robot must be able to recognize unknowns and respond to unplanned difficulties. It
is paramount that the robot sense events and take responsive actions. Needs of the open
work site, like robot intelligence and robustness, drive the agenda for field robotics
research. '

Robots, in general, fall into three classes, each distinguished by the control procedures
available to the robot and its relationship to human supervisors. The first of these classes,
programmed robots, perform predictable, invariant tasks according to pre-programmed
instructions. Teleoperated robots, the second of these classes, includes machines where
all planning, perception, and manipulation is controlled by humans. C ognitive robots, the
third class, sense, model, plan, and act to achieve goals without intervention by human
supervisors.

Programmed machines are the backbone of manufacturing; preprogramming is
extensible to an important class of field work tasks (mostly on the periphery of the field
work mainstream, and mostly unenvisioned and untried at this time). Programming
commands actions through scripts that are played back by rote with branching of the
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script occurring at specified times or in response to anticipated events. Such scripts are
only useful for predictable and invariant tasks, limiting the general use of pre-
programmed robots for field work.

Teleoperated machines, servoed in real-time by human operators who close the strategic
control loop, amplify and project the human. Because all perception, planning, high-level
control, and liability rest with the human, teleoperation circumvents the most difficult
issues that face other robot control modes, including the liability of passing control
between machine and human and coping with unanticipated scenarios.

Teleoperation is proven where man does not tread, where demands are superhuman,
where tasks are unstructured (by current measure), where liability is high, and where
action is inevitable. A downside of teleoperation is that much is lost in translation across
this man-machine interface. Robot bodies and senses are not optimal for coupling to man.
Similarly, human minds are not optimal for the control of robots because of limitations in
input/output bandwidth, memory structures, and numerical processing. The prospect
exists for field robots to outperform their human counterparts in many ways.

Cognitive robots sense, model, plan, and act to achieve working goals. Cognitive robots
servo themselves to real-time goals and conditions in the manner of teleoperators but
without human controllers; they are their own supervisors. Cognitive robots pursue goals
rather than play out scripts; they move toward goals and notions rather than to
prescriptions and recipes. Although software driven, they are not programmed in the
classical sense. Cognitive robots are perceptive and their actions are deliberate; they
operate in the face of the vagaries and contingencies of the world. Task performance by a
cognitive robot is responsive to the state of the environment and the robot itself.

Hybrid forms of teleoperated and programmed machines are becoming increasingly
attractive as robots. For example, because factory processes are becoming more
sophisticated as they integrate preprogramming and sensing, supervisory controllers and
sensory feedback with teach/playback are becoming new research goals. Hybrid,
supervisory, and programmable robots are also evolving from the roots of teleoperation
in the nuclear service and decommissioning industries.

However they are classified, the most striking observation of present-day robots is that,
with few exceptions, robots lack the ability to perform with any generality, which is the
goal of truly capable systems. Even when task directives and methods of procedure are
explicit, unforeseen difficulties arise that impede or halt the robot's progress.
Autonomous navigation systems, for example, lack the capacity to negotiate traffic or
move quickly across unexplored rough terrain. These robots are often debilitated by
uncontrollable circumstances, such as bad lighting and inclement weather. Nor can they
always cope with conflicting data to resolve ambiguities. Only now are driving robots
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beginning to distinguish shadows from roads and separate real obstacles from the
phantoms caused by spurious sensor readings.

The Use of Field Robots

Factory robots bring the repeatability, productivity, and quality control of automated
mechanisms to manufacturing industries. The other historical motivation for using robots
is to relieve humans of duty in hazardous environments. The nuclear industry was quick
to adopt telerobotics so that human presence can be projected into places where the need
for radiation protection hinders manual work or precludes it altogether. Teleoperated
manipulators are presently saving thousands of man-rems of exposure in the routine
servicing of reactors and associated steam generation equipment; recovery from the
Three Mile Island and Chernoby] accidents would not have been possible without robotic
worksystems specially commissioned to operate in those scenarios. For their specialized
agenda, these nuclear-qualified robots exhibit high competence, owing to the fact that
they were built to meet explicit performance goals and design criteria.

The world is now positioned to apply robotic technologies in other commonplace
scenarios. Non-factory work sites are ripe, virtually untouched, and inevitable arenas for
robotic applications. Labor efficiency on field sites is alarmingly low and the need for
improved productivity is evident. Worker tjme spent idle or doing ineffective work may
exceed half the work week, and productivity has generally been in decline for two
decades. Thus, industry size, economics, existing inefficiencies, and competition motivate
the introduction of robotics to field work. Other motivations include quality assurance
and the prospect for better control over the field work site of the future. Further, because
field work is often hazardous, concerns for health and safety provide additional impetus
for robotic implementations.

In addition to all these motives, certain applications are inevitable because man is not
perfectly suited for field work; machines are often better equipped for many applications.
Man, for example, is vulnerable to hostilities such as weather, dust, vacuum, submersion,
and cave-ins, and limited by a lack of scale or power for activities such as mining, material
handling and construction. Man lacks certain sensing modalities, memory structures, and
computational abilities that will allow the robots of the future to precisely sense and
execute tasks in scaled or measured environments, and optimize automatic material
distribution throughout a site. The needs of the field industries drive the development of
unstructured robotics just as manufacturing and assembly drove structured robotics and
hazardous environments drove teleoperation.

Early applications of robotic arms in manufacturing leveraged on their accuracy,
consistency, and repeatability to achieve productivity, performance quantified on the
basis of speed and the efficiency of resource investment, particularly the human resource.
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Similar increases in productivity are realizable in applications outside the factory. For
example, proper characterization of a hazardous waste site requires an enormous amount
of data to be taken over a large land area. There are current efforts to automate this
_ process by replacing manual data collection with mobile robots that can acquire and
spatially correlate site information. Orders of magnitude increases in the amount of site
data, as well as higher precision position estimation, will enable more complete
assessments and ultimately reduce the cost of the investigation process.

Excavation is another excellent application to further the evolution of robotics because of
its significance in scale and economic importance. It operates on a universal and generic
material (soil), and excavation’s goal and state can be described adequately by models of
geometry and kinetics. Further, excavation is tolerant of imprecision, well-understood as
a human driven process, and prototypical of a host of spin-off applications. One
motivation for robotic excavation is the hazard in such tasks as blind digging of gas lines,
retrieval of unexploded ordnance or removal of hazardous waste from a landfill. Another
motivation is the productivity and process control that could be realized in mass earth
moving operations. Unmanned excavation will reduce the human injuries and property
losses attributed to explosions, decrease operation costs, and increase productivity by
lengthening the work day.

Automation of surface mining has the potential to increase safety, decrease cost, and
revolutionize control of surface mining operations. Elimination of human operators could
circumvent current variables of operator quality and availability and monotony of the
task. Further, automation of surface mining is seen as a building block toward general
work site automation. Surface mining lends itself well to automation. Driving and
haulage are simple actions in comparison with the richness of other robotic tasks like
manipulation. Off-road navigation can also be extended to the applications of agriculture
and timber harvesting. The environment can be known in advance and rigged to an
appropriate level. Because the task is repetitive (the same paths are traversed for years),
explicit plans alleviate the need for the robot to explore or learn about its environment.
Although it must be able to handle a range of contingencies such as obstacles, an
autonomous haulage system is primarily a performer of preplanned actions relegating
perceptive sensing to a mechanism of self-survival.

A new generation of robots, grounded in existing robotic technologies, is on the horizon
and will find widespread utility.

Robotic navigators are one class of systems that have several applications, including
haulage, material delivery, and waste site characterization: Through automation of off-
road driving, these tasks can be performed with less direct human involvement, thereby
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increasing a worker’s productivity through simultaneous control of several vehicles and
removing his exposure to potential hazards.

Ground vehicles realizable in the near term will navigate under general lighting and
weather conditions at productive rates of travel. Some will drive on streets and highways;
others will negotiate rough terrain with variable geometry and natural surface
characteristics. They will employ multiple sensory modes for guidance; use maps from
several sources and of various resolution; detect, recognize and avoid obstacles; and be
cognizant of their own dynamics. Future generations of robotic off-road navigators will
focus on the design of robust navigational schemes. Obstacle detection and recognition
will be extended to accommodate dynamic obstacles like other vehicles so that these
robots will ultimately be capable of driving in traffic.

By coupling manipulation to locomotion, a robotic vehicle that can navigate off-road can
be complemented with the ability to perform useful work. A terrestrial robot worksystem
can be used in construction applications, such girder emplacement, excavation, and brick
laying, and hazardous applications like handling of radiological material, waste
packaging, and decontamination and decommissioning of nuclear facilities. These tasks
share the common denominators that the robot physically engages and manipulates its
environment and that the setting for these operations is often very hazardous.

These steps to enhance teleoperation of the worksystem provide the foundation for
enhanced performance through increased task autonomy. The worksystem will evolve
incrementally, as operations performed under human control in one generation are
automated in the next. Interaction between man and machine will become simpler as the
robot becomes able to accept higher level commands, and the human's role will transition
to supervisor.

Next generation worksystems will perform certain subtasks on their own, while the
operator exercises direct control for the more difficult operations, monitors subtask
execution, and intervenes as needed. In the case of excavation, subtasks might be the
scooping and unloading phases of the digging cycle; for building construction, subtasks
might include grasping an I-beam and carrying it to location where a building foundation
is being established. These capabilities will develop from the basics of manipulator
control and geometric model building of the enhanced teleoperator by adding the
capacity to recognize objects and the ability to reason on perceived geometry and force.
Future generation worksystems will combine subtasks, automate more difficult aspects
of the tasks, and add execution monitoring to achieve a higher degree of autonomy.
Alternatively, it might be desirable to pursue execution ofa variety of tasks using one
worksystem with multiple tools and operating modes to achieve higher utility.
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The Evolution of Robotic Technology

Robotics research has reached a threshold where technologies are beginning to find
performance niches in which their implementations show comparative advantages over
older technology or allow the performance of tasks previously unperformable. We are
also witnessing a shift in implementation process from ad hoc integrations to disciplined
development of complete systems.

Robotic technology has gained competence in the key areas of sensing, cognition, and
control, to the point where new applications are feasible. Early robots had only
mechatronic sensing with which they measured directly observable external variables,
such as displacement and force, and could perform only simple operations, such as
inspection, loading, and other positioning tasks. Increased understanding of vision and
other sensory processes has made it possible for robots to make interpretations of their
environment. Advanced robots extract and recognize certain features in data, often from
multiple sensors, on the basis of pre-stored symbolic representations. This makes them
capable of more challenging tasks, for example, manipulating irregularly shaped objects
and assessing navigability of roads and paths. A very demanding task, like construction
of a building, which requires not only the recognition of features and objects, but
understanding of their semantic interplay, is presently beyond robotic technology.

Similarly, robots are able to undertake more challenging tasks as a result of advances in
machine cognition. For early robots, planning was algorithmic and often no more than
continuous state error correction, as in charting and following a trajectory. It is now
feasible for robots to perform tasks like shaping soil and walking over rough terrain,
which require automatic planning of significantly greater scope and depth: plans must be
decomposed from goal specification into executable actions, and plan formulation has to
be done in the face of uncertainty, requiring execution monitoring and use of
contingencies. Coordination of multiple, potentially conflicting subgoals to fulfill a single,
high-level directive, such as “clear obstacles from the road,” remain too ambitious for
existing robots.

The evolution of robotic technology is also evident in the increasing physical challenges
met by robots. The first robots had kinematic control only, and their task domain spanned
only operations that could be expressed by prescriptions of robot position. Better
understanding of robot mechanisms and the application of more advanced control theory
has enabled tasks that involve dynamic interaction of the robot with its environment, like
stable walking and excavation. We are now implementing control at the task level, which
goes beyond control theory and includes cognitive functions, such as error detection and
fault recovery, so that occurrences, such as an unexpectéd obstacle, a sudden loss of
traction, or a dropped payload, do not prevent completion of a task.
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Future Directions

Despite evident need and apparent promise, the evolution of field robotics has not been
straightforward. Ancient crafts have been historically slow to embrace new technology.
Research investment levels have been insignificant. No precedents in field work
industries for development programs of the requisite magnitude exist. Because field
problems are difficult, quick fixes or one-time solutions are few, running counter to
historical insistence on short-term payoff for investment. Obstacles to the growth of field
robotics are compounded by the lack of common ground between the field industries and
the robotics research community. The industry cannot yet visualize a programmatic
course of action for integrating the growing robotic technology with its own.

At this time, construction, subsea, space, nuclear, mining, and military applications are
driving and pacing many field robotics developments. Subsea and space applications, in
particular, present unique technical challenges to robots, specialized motivations for field
work, and constraints and regulations that discourage the use of human workers.
However, the formative integration and drive for field robotics must ultimately come
from the field work industry itself. The inevitability of field robotics will drive its
evolution despite the immediate immaturity and impotence of the field.

It is likely that all three classes of robots and their hybrids will find sustaining relevance.
Experiences are too few and it is too soon to resolve the relative importance of these forms
or to discount the potential of any form. The Japanese have embraced teleoperators and
programmed machines for field work. Perhaps the early American views of field robotics
overestimated the need for sensing, artificial intelligence, and autonomy. Though it now
appears that attributes of intelligence, particularly the ability to deliberate performance
of tasks, will eventually dominate field robotics, nonetheless, teleoperators and
programmed machines have both short- and long-term relevance.

If robots eventually prove themselves infeasible for unstructured environments, our
views on what constitutes structure must change. Robots other than teleoperators may be
irrevocably synonymous with structure. Our judgment in this matter should not be too
clouded by current measures of structure and machine perception. It is common to
mistake or overestimate chaos in a task environment simply because form and
understanding are not apparent. There is a great prospect for structuring the apparently
unstructured either by discovering structure or by imposing it.

The evolution of field robots will distill unique attributes for robots with working goals
inunstructured environments. New robotic forms will emerge with the capability and the
strategic competence to construct, maintain, and demolish. The evolution of field robotics -
will no more culminate in a single, ultimate form than did its biological counterpart.
Rather, classes of robots will emerge for classes of work within classes of constraints.
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Even the robot genus/species formed and proven in other application domains remains
untested by field work. No doubt most of the forms evolved for other purposes will find
relevance somewhere in field work, if only because field works umbrella is so broad. The
discipline of field robotics is embryonic. Its maturation is inevitable, but its mature form
is not apparent. Given the uncertainty of what robotic forms may be relevant to field
work, we argue that the field should remain open to all possible

The discipline must persevere to distill the unique identity and intellectual content of
field robotics. The uniqueness of field robotics appears to lie in the cognitive skills and
goals specific to the synthesis of an end product. Much research and many goals in field
- robotics, however, are generic to unstructured robotics, so field work can benefit from
parallel developments in related fields. Little applicability would be lost by changing the
domain specificity from field work to nuclear, mining, timbering, or military. It seems
that field work will be dragged reluctantly to the opportunities of robotics. Nuclear,
military, space, and offshore interests are embracing and driving the ideas now. It is
essential that field robotics identify and drive the developments that will distinguish it as
a discipline of its own.
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* Group leader
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RESPONSES TO OBJECTIVE QUESTIONS

POWER/PROPULSION WORKING GROUP

* BOB HENDRICKS
* JERRY KANNEL

JOHN BOZEK
JEFFREY SCHRIEBER
BRUCE STEINETZ
ROBERT THOM
CHUCK LAWRENCE
THEO KEITH
HAROLD SLINE
JOHN COY
HOOSHANG HESHMAT
GEORGE STEFKO
FRANK KUSTAS

* Group leader
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SPACE MECHANISMS TECHNOLOGY WORKSHOP OQUTPUT

The responses to each objective question (discussed by the four working
groups) were tabulated and prioritized according to the number of groups that
thought it was an important issue. The following includes tables illustrating
those responses and some written comments on each objective question.

CURRENT SPACE MECHANISMS OBSTACLES

The two obstacles mentioned by each of the four working groups were (1)
deficient testing methods and (2) deficient lubrication technology for
mechanisms. These appear to be the two major needs areas.

The problem with testing is that mechanisms are very systems dependent,
if one test parameter is changed, one can not verify that a mechanism will
operate as reliably or efficiently under the new condition. Thus, one has to
ascertain that all possible operational parameters (that the mechanism will
encounter) are evaluated. In addition, it is very hard to simulate a space
condition in ground based testing. For example, simulating a zero-g, high
vacuum environment or a dusty, wide temperature spectrum, high vacuum
environment (as will be the case on the moon) is quite difficult.

Since testing involves tribological effects, the effect of atmosphere type is
very important. Tests in air should not be performed unless one is absolutely
certain this environment will create no unwanted additional effects. When
liquid lubrication is involved there are currently no methods for accelerating the
testing because the lubrication mechanism is speed dependent. Testing also
must take into account vibrational effects caused during the launch of the
mechanism and effects due to storage of the mechanism.

Lubrication technology for space applications has not advanced markedly
in the last 20 years. The concern is that currently satellites are being put into
orbit with the expectation that they will last for longer periods of time and
demanding minimal contamination by outgassing of lubricants. Solid lubricants
would be ideal, but generally they have limited life. In addition, those that work
well in a vacuum usually do not function well in an air environment, and vice
versa. New liquid lubricants have been developed with very low vapor
pressures, but they have a tendency to break-down under boundary lubrication
conditions and thus their life is unreliable. There are other liquid lubricant
candidates for space applications, but the problem is that minimal testing has
been done for space qualification or the information on them is proprietary. In
the propulsion area, lubrication and testing in LOX has been a problem. And for
planetary surfaces, we have no experience in operating mechanical equipment in
very cold, dusty, high vacuum, or corrosive environments.
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The next most mentioned area was a lack of communication or lack of
data sharing. Three of the four groups mentioned this. The Aerospace
Mechanisms Symposium is held every year by NASA, but it was felt that this
symposium dealt more with design issues than with technology issues and was
not much benefit in disseminating technology information. Three of the four
groups also mentioned mechanism design methods. It was felt that new or
innovative methods need to be developed. It remains to be seen how to
accomplish this?

Two of the four groups mentioned quality control methods, space
environmental effects and mechanisms materials as being obstacles. The current
state of tribology is such that the performance of many lubricants is dependent
more on how they are applied than on what is applied. Similarly with
producing quality bearings, gears, etc. for space applications. It is important that
these parts are produced according to specifications, thus good quality control
practices are required. It is becoming more difficult to find good suppliers. Not
many materials are space qualified for mechanisms applications. Because
materials are qualified for structural applications, designers often choose such
materials, even though tribologically speaking they are poor choices, they are
selected only because they are "space qualified". Space environmental effects on
mechanisms and lubricants are, for the most part, indeterminate, especially on
the moon or Mars.

The other deficient areas mentioned at least once by one of the groups,
were: analytical models, storage methods, unknown failure mechanisms, and
consistent funding. Basically there are very few analytical models to predict a
mechanisms performance or how long it will operate. There is a lack of
information on how storage will affect the performance or endurance of
mechanisms. We do not know how many mechanisms fail when tribology
problems occur. And finally, it was felt that the key to improving the operation
of space mechanisms was to have consistent funding from NASA Headquarters
in this area.

SPACE MECHANISMS TECHNOLOGY NEEDS

The technology needs that were discussed for the most part parallel the
obstacles listed, however, the technology need responses tended desirable specific
areas that were not mentioned in the obstacle discussions. Improved lubricating
systems and accelerated testing techniques were listed by all groups. Improved
component materials was listed by 3 groups although only 2 groups mentioned
materials as an obstacle. Two groups mentioned better design processes,
knowledge of failure modes and environmental simulation as technology needs.
Analytical models, historical data, testing methods, rotating machinery, pumps,
solar and nuclear electric, transmissions, and boosters were mentioned by at least
one group.
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HOW DO WE IMPROVE THE RELIABILITY OF MECHANISMS

The power and propulsion group was the only group that had sufficient
time to address the reliability of mechanisms issue, however their responses are
very applicable to the other discipline areas. They felt that: (1) a specialist in
mechanical components and lubrication should be involved during the
conceptual design phase of any project NASA should supply these specialists or
have a list of approved specialists. (2) A system incorporating a rigorous systems
of checks and balances should be established. (3) All plans should be reviewed
by technically competent engineers. (4) NASA needs to maintain a strong
in-house capability to guide and direct contractors as well as to develop needed
technology. (5) Realistic testing and simulation of the hardware should be
conducted. (6) Long term testing is needed to establish and assure a data base. (7)
While NASA's overall missions may change, research and technology in key
technological disciplines (such as mechanisms) which are important to many
programs should be maintained and stabilized. (8) Finally it was felt that we
should return to the "Apollo Philosophy".

WHAT SORT OF INFORMATION SHOULD BE IN A SPACE MECHANISMS

GUIDELINES HANDBOOK

All the groups felt a space mechanisms guidelines handbook was a good
idea. It was also felt that this document should be a "living” document, being
continuously updated as new technology and techniques are developed. A large
number of items were listed by each group as to the type of information that
should be included in this manual. The responses varied somewhat depending
upon the discipline and background of the group participants, but everyone
agreed that points of contacts or experts in various disciplines was one of the
most important items that should be included. The next most important item
concerned environmental effects that should be taken into account. Two of the
groups suggested that some case histories should be included. The rest of the
items mentioned by the groups are listed in the enclosed table.

HOW CAN TECHNOLOGY DEVELOPMENT AND THE DISSEMINATION OF
INFORMATION BE IMPROVED

The number one suggestion for improving technology development and
the dissemination of information was to establish a lead or central repository.
An important consideration that came out of this workshop was that
mechanisms technology is very generic. Technology developed for the satellite
industry can also be applied to planetary surface operations as well as to power
and propulsion problems. It would be beneficial to have one center correlate all
the mechanisms work which would apply to all the agency needs. This would
reduce costs as well as reduce the duplication of research. It was also felt that
regular meetings such as this workshop need to be conducted to foster the
exchange of information. It may be possible to have seminars or sessions at
engineering conferences that deal with space mechanisms. A number of other
items were discussed and they are listed in the enclosed table.
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OTHER ISSUES

The groups were also asked to list other issues that they perceived to be
important but were not covered in the objective questions given to the groups.
Each group tended to have its own issues. The only issue mentioned by two
groups was that better military-civilian cooperation is needed in the satellites
area. Various areas were discussed ranging from how to advocate a space
mechanisms program to very specific technology issues such as the need for
smart systems. The issues listed by the groups can be reviewed in the enclosed
table.

WHAT NEXT

All four working groups indicated that the first task that should be done in
the space mechanisms area is to initiate a space mechanisms handbook. (Note:
the production of that handbook is currently underway, being sponsored by Code
Q at NASA Headquarters.) The next task that all of the groups agreed upon was
that some forum which would permit regular discussions should be established.
Three of the groups stated that regular meetings should take place and three said
that a permanent advisory committee or working group should be formed.
Other items that should be considered include: have cooperative programs,
catalog capabilities (personnel and facilities), establish a lead center, have video
conferences, develop a newsletter, etc. The table on "What's Next" includes all
the items mentioned by the groups.

The Workshop ended with Professor Theo Keith of the OAI outlining a
possible plan whereby industry, government and universities could network
though OAI to develop educational courses, handbooks, computer databases, etc.
(see accompanying figure). Professor Keith also outlined a plan whereby the
workshop could lead to a steering group and then to a space mechanisms
advisory group to help advocate a program, to form coalitions, form agendas and
improve communication between industry, government and universities (see
attached figure).
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SPACE MECHANISMS TECHNOLOGY WORKSHOP ATTENDEES

Eist  Middie Lestname
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Dave
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William
Chris
James
Ben
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Dave
Bob
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Richard
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Bob
Pilar
Hooshang
Ralph
William
Jerry
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Michael
Edward
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Bozek
Brewe
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Clark
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Fleischauer
Fleming
Fusaro
Gleeson
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Hall
Haugen
Hendricks

Oraanization
Nastec, Inc.
NASA Lewis Research Center
NASA Lewis Research Center
NASA Lewis Research Center

Martin Marietta Astronautics Group

University of Pittsburgh
NASA Lewis Research Center
Mechanical Technology, Inc.
NASA Lewis Research Center
NASA Lewis Research Center
Aerospace Corporation
NASA Lewis Research Center
NASA Lewis Research Center
Battelle Labs

E/M Corporation

Battelle Labs

Lockheed Missiles

NASA Lewis Research Center

Herrera-FierroNASA Lewis Research Center

Heshmat
Jansen
Jones
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Keith
Khonsari

Kingsbury

Mechanical Technology, Inc.
NASA Lewis Research Center
NASA Lewis Research Center
Battelle Labs

Ohio Aerospace Institute
University of Pittsburgh
NASA Lewis Research Center
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Knasel Ohio Aerospace Institute
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. Landis NASA Lewis Research Center

Lawrence  NASA Lewis Research Center
Litienthal ~ NASA Jet Propulsion Lab
Loewenthal Lockheed Missiles & Space Co.

Marangoni  University of Pittsburgh
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